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Abstract 
Semiconductor quantum dots (QDs) exhibit diverse opto-electronic properties for multi-task applications which can 
be stimulated by spatial control distribution of their chemical composition. These unique properties facilitated the 
synthesis of ultra-small non-injection one-pot cadmium selenide (CdSe) QDs in octadecene (OTD) solution at low 
temperature in quest for innovation-driven cost reductions of photovoltaic material. The synthesis that lasted for 2 hrs 
started by heating 10 ml of OTD to 35qC followed by the addition of 13 g of cadmium oxide (CdO), 0.4 ml 
trioctlyphosphine (TOPO), 0.6 ml of oleic acid (OA) and 5 mg of selenium (Se) powder. The heating was extended to 
95qC on adding the mixtures. The optical properties of the colloidal CdSe QDs generated upon reaction were 
characterised using absorption spectroscopy (UV-Vis) and photoluminescence spectroscopy (PL). Atomic force 
microscopy (AFM) and scanning electron microscopy (SEM) revealed the surface morphology of the CdSe QD 
particles. The particle orientation and microstructure cubic structure of the lattice studied using transmission electron 
microscopy (TEM) and field emission scanning electron microscopy (FESEM) revealed the cubic structure of the 
sample. Although the operation was safe, the low-cost reproducible low temperature synthesised high-quality CdSe 
QDs was stable for about five months.  
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1. Introduction 
Low dimension semiconductor quantum dots (QDs) are of great interest owing to their potential 
application in emitting diodes [1–3], solar cells [4], catalysts [5], biological labels [6, 7], lasing media [8, 
9], and opto-electronic devices [10]. The novel properties exhibited by QDs are different from their 
respective bulk. Variation in the novel properties of QDs results from size quantization effect and large 
surface to volume ratio compared with the bulk materials [11, 12]. The unique properties demonstrated by 
CdSe QDs have lead to the investigation of their notable physical properties and customisable band-gap 
energy over full spectral range [2].  
 
Most reported CdSe QD synthesis conditions were at relatively high temperatures (250–500qC) [13, 
14]. Among the synthetic routes in use over the last decade include organometallic precursor route [15], 
non organometallic precursor route [16, 17], microwave irradiation route [18], solvothermal route [19], 
and sonochemical method [20]. Although these route produces high quality QDs, their shortcomings are 
synonymous with hazardous, expensive, air-sensitive pyrophoric material such as Cd(CH3)2 which can 
explode during the synthetic reaction especially during when gases are released at high temperature [21–
23]. Since the dominant synthetic approaches are constrained by high temperature, need for low 
temperature synthetic route arises as a safer and unique option to control overheating, inhalation hazards 
and exposure to dangerous chemicals during synthesis.  
 
Few studies currently, have tried to prepare the CdSe QDs at low temperature synthetic conditions [24, 
25]. However, the result reported by these studies produced QDs with particle sizes larger than 6 nm 
which is in weak quantum confinement regime. In this study, the synthetic conditions were conducted at 
95qC however; the quality of the CdSe QDs obtained is in the ultra-small size regime and the particle size 
distribution varies with respect to concentration of the mixtures and the conventional heat transfer 
mechanism between CdSe QDs particles. The resulting CdSe QDs were characterised with UV–Vis 
absorption, photoluminescence spectroscopy (PL), atomic force microscopy (AFM), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and field emission scanning electron 
microscopy (FESEM). High resolution images of the TEM revealed spherical crystals of the QDs with 
high uniformity in size and shape which are primary determinant of the opto-electronic properties of the 
CdSe QDs [26]. 
2. Experimental 
2.1. Materials 
The materials used for the synthesis of ultra-small CdSe QDs comprises trioctylphosphine oxide 
(TOPO, Aldrich, 90%), selenium powder (Se, SCR, 99.5+%, Sigma-Aldrich), octadecene (OTD, Fisher, 
90%) metal base cadmium oxide (CdO, SCR, 99.9+%, Sigma-Aldrich) and oleic acid (OA, SCR, 90%, 
Sigma-Aldrich). The materials were not subjected to any further purification or treatment and were stored 
at 23qC. 
2.2. Synthesis of ultra-small CdSe QD 
The synthesis of the ultra-small CdSe QD started by heating 10 ml of OTD solution to 35qC followed 
by the addition 13 mg of cadmium oxide (CdO) in a flat bottom flask over a stirrer hot plate. 0.4 ml 
trioctlyphosphine oxide (TOPO), 0.6 ml of oleic acid (OA) and 5 mg of Se powder were added to the 
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solution and were stir-heat under the influence of magnetic stir bar for about 2 hours. The operation was 
performed in a fume-hood and the resulting sample were characterised using UV–Vis absorption and 
photoluminescence spectroscopy (PL) (to evaluate the optical and electrical properties), atomic force 
microscopy (AFM) and scanning electron microscopy (SEM) (to investigate the morphological features 
of the sample), transmission electron microscopy (TEM) and field emission scanning electron microscopy 
(FESEM) (to assess the particles size distribution, orientation and size). 
3. Characterisation  
Perkin Elmer Lambda-20 UV-Vis spectrometer was used for the optical measurement of the ultra-
small CdSe QDs at 200 – 800 nm wavelength using a one-cm path length quartz cuvette. The PL spectra 
were recorded with Perkin Elmer Ls-55 Luminescence Spectrometer incorporated with xenon lamp over 
350–700 nm wavelength. To evaluate the surface morphology of the CdSe QD, AFM and SEM were 
used. The AFM technique qualitatively analysed three-dimensional image of the ultra-small CdSe QD 
including surface morphology and its surface roughness profile. For AFM and SEM analysis, transparent 
glass measuring 25.2 × 22.2 mm having thickness range of 1 mm to 1.2 mm was ultrasonically cleaned 
with distilled water for 10 minutes and later with methanol. The cleaned transparent glass was dried in 
nitrogen gas to keep moisture away from contaminating the glass. The SEM image was obtained at a 
magnification of 15.00 KX operated at 3.00 kV. The TEM and FESEM image were used to determine the 
CdSe QD particle size distribution and orientation. The TEM were obtained using CdSe QDs in OTD 
solution. For FESEM analysis, a drop of CdSe QDs was dried using carbon-copper grid in OTD dispersed 
solution and was left to dry at room temperature. 
 
4. Result and discussion  
The absorption of the ultra-small CdSe QD in OTD solution is as shown in Fig. 1.  
 
 
Fig.1. Absorption spectra of the low temperature synthesised ultra-small CdSe QD  
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The broad peak covering 500-540 nm spectral wavelengths depicts unique opto-eletronic property of the 
CdSe QD. The three absorption peaks shown in Fig. 1 reveals the variation associated with sample of the 
same mixture which were synthesised under the same condition. The absorption peak at 700-780 nm 
shows that the sample can potentially harvest light energy from visible light to infrared spectrum. This 
variation in properties of CdSe QD provides enabling potential to harvest wide range of solar spectrum.
 
UV–Vis absorption spectroscopy can be conveniently used to calculate the average diameters of CdSe 
QDs. The relationship between average diameter and the excitonic absorption peak is in agreement with 
the following equation [27]: 
 
D = (1.6122 × 10í9) Ȝ4aí (2.6575 × 10í6) Ȝ3a + (1.6242 × 10í3) Ȝ2a í (0.4227) Ȝa + 41.57                       (1) 
 
In the Eq. (1) above, D (nm) is the size of a given QDs sample, and (nm) is the first exciton bandgap 
absorption peak. The average diameters range of 1.26 nm - 2.51 nm resulted from 2 hrs reaction time at 
95qC. The influence of the growth time and temperature on optical properties of CdSe QDs can be 
optimised to desired properties by controlling the QD sizes. However the particle size variation resulted 
from temperature difference during the formation of the CdSe QDs. This shows that the emission peak 
(Fig. 2) of the CdSe QDs can be customised by varying the synthetic time, temperature and concentration 
of the mixture. QD emits one wavelength of light when they are excited and the colour emitted depends 
on the size of the QD. However, emission peak of QD are size specific; a determinant of their optical and 
electrical property. In addition the variation in emission peaks of three characterised samples prepared 
under the same condition shows that the particles of CdSe QDs varies and as a result, emits light of 
different wavelength and peak height as can be seen in Fig. 2.  
 
 
 
 
Fig. 2. Emission peaks (PL) of the low temperature synthesised ultra-small CdSe QD 
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The atomic force microscopy (AFM) image of the CdSe QD shown in Fig. 3 revealed the surface 
morphological profile of the sample while scanning electron microscopy (SEM) images shown in Fig. 4  
depicts the surface image of the CdSe QD sample. The AFM and SEM microstructure were used to 
evaluate the surface morphological features of the CdSe QDs. The average surface roughness of the 
samples were found to be 265.749  nm. The average surface roughness of the CdSe QD as revealed in the 
AFM microstructure analysis was attributed to the interaction between the solvent (OTD) with the sample  
and other impurities such as dust.  
 
 
Fig. 3. 3D AFM image of the low temperature synthesised ultra-small CdSe QD. (The figure depicted surface roughness profile of 
the CdSe QD sample with different colouration resulting from uneven distribution of the solvent over the surface). 
 
Fig. 4. SEM image of the ultra-small low temperature synthesised CdSe QD 
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Figure 5(a) and Fig. 6 reveal typical TEM and FESEM images of the synthesised CdSe QDs with the 
excitonic absorption peak between 500-540 nm and 700-800 nm wavelengths. The TEM and FESEM 
images confirmed that the low temperature synthesised ultra-small CdSe QDs are spherical crystals with 
high uniformity in size and shape. The diameter of the particle sizes of the synthesised CdSe QD range 
between 1.26-2.51 nm and are as shown in Fig. 5b. The TEM image (Fig. 5a) revealed high crystallinity 
of the CdSe QDs and distinguishable apparent lattice planes which is represented in Fig. 5(c). The lattice 
plane depicts the orientation and line length distribution of the CdSe QD particle sizes. 
 
 
Fig. 5. (a) The TEM image of the low temperature synthesised ultra-small CdSe QD; (b) CdSe QDs particle size distribution  
 
Fig. 5(c).  3D view of the synthesised CdSe QD distribution. (The figure depicted an enlarged lattice plane of the low-temperature 
synthesised CdSe QDs particle spacing dimensioned in a micrometer scale). The blue circular dots are the quantum dot particles 
showing the spacing between successive dots while the coloured surface background depicted the surface view of the CdSe QDs in 
octadecene.  
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Fig. 6. FESEM image of the low temperature synthesised ultra-small CdSe QD 
5. Conclusions 
 
Ultra-small CdSe QDs were successfully synthesised at low temperature (95qC) under various 
controlled synthetic conditions such as concentration, reaction time and temperature. A less hazardous, 
low-cost, non-coordinating solvent (OTD) was used as matrix for the synthesis of high quality CdSe QD 
using oleic acid (OA) as a ligand. Analytical characterisation revealed variation in the morphology and 
particle sizes of the CdSe QDs which depicts that the optical properties of the CdSe QD are size 
dependent and can be tuned by varying the concentrations and reaction time of the synthetic mixtures. 
Customisable participle sizes dependence optical properties of CdSe QDs obtained via safer and lower 
cost materials were evaluated base on the spectral absorption (Fig. 1) and emission (Fig. 2) of the sample. 
The particle sizes of the synthesised ultra-small CdSe QDs distinctively have particle diameters ranging 
between 1.26 and 2.51 nm which is governed by the reaction conditions. The broad absorption peaks and 
narrow emission peaks depicts the unique opto-electronic properties of the CdSe QD however; variation 
in both absorption and emission peaks are signatory to QDs of different sizes and implies that light energy 
of different wavelength can be harvested using sample of the same composition synthesised under the 
same laboratory condition. The resulting surface morphology of the CdSe QD is studied using AFM and 
SEM images. Result from the microstructure images of TEM and FESEM shows that the ultra-small 
small QDs are spherical in shape with physical dimensions smaller than that of the exciton Bohr radius.  
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